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1. INTRODUCTION 


Over the past decade, fiber optiC communication bandwidths in practical use have steadily 
increased from the MHz to the GHz range, in response to requirements from the 
telecommunications, computer network and cable TV industries. This trend is certain to 
continue, far outpacing current methods for impressing data onto laser signals by modulating 
laser sources directly, which has already met Its practical limit (=10 GHz). Future 
improvements depend completely on the use of external waveguide modulators. Lithium 
nlobate waveguide modulators are now commercially available with bandwidths up to (=10 
GHz); however, this capability also will soon be exceeded as demand for data rates continues to 
grow. In the next decade, waveguide modulators with 50 GHz bandwidth will be required. 

Such devices will enable, for example. 500 channels of cable TV to be delivered to the home, 
widespread direct access to oflf-site supercomputers, and other Infrastructure technologies to 
support growing Government and commercial needs. 

These bandwidth requirements cannot be met by lithium nlobate and other ciystalline 
inorganic materials used in such modulators, for the basic physical reason that the relatively 
large dielectric constants of all such materials imply a strict high frequency limit on the order 
of 10 GHz - regardless of other electro-optic properties. 

It Is widely agreed that the most promising solution lies In organic and polymeric electro- 
optic (E-O) modulator materials, whose Intrinsically low dielectric constants permits theoretical 
bandwidths up to 100 to 150 GHz. and whose processlblllty Into films Is adaptable to 
waveguide optics. We also note that development of such materials will be beneficial to other 
photonics applications such as high speed beam scanning using phase array elements and 
frequency doubling of low power diode lasers. 

To date, however, a technical barrier that has emerged for implementing this solution is in 
finding a practical electro-optic potymer. In spite of efforts in many laboratories around the 
world and research on a variety of second order organic materials, no practical, processible 
waveguide material has emerged which combines four key properties: 

• Large electro-optic coefficient (r). 

• High bandwidth. 

• Low optical loss. 

• Chemical and physical stability. 

A major problem Is the tradeoff which has been observed between a large electro-optic 
coefficient (r). and its long-term stability (i-fi). It is a common feature of polymer chemistry 
and processing that stability requires high temperature processing. Unfortunately, high 
temperature processing and poling tends to 1) limit the degree to which a polymer can be 
poled, and 2) decompose the chromophores responsible for large r, therefore decreasing the e-o 
coefficient. 

As a result, polymers that do possess large electro-optic effects almost invariably are 
environmentally unstable, deteriorating after a few hours or days, and far too soft for 
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Incorporation into devices (i). To date, performance and practicality in oiiganic e-o films have 
not been found together in a single material. 

1.1 Low Tempentnre Processing • Key to Stability 

A key to solving this dilemma - and enabllr^ practical, high bandwidth modulators for the 
technological communication needs of the next century - will be to identify and develop stable, 
strongly electro-optic films which can be processed at low temperatures. Methods to 
accomplish this are the focus of this report. 

Electro-optic active elements Incorporated in these polymers are dye-like chromophores 
that are added to form guest-host ^sterns. Most commoiily used electro-optic chromophores 
have a short lifetime at elevated temperatures. It is crucial, therefore, that the guest-host 
polymers be processlble at room temperature or at sllghtty elevated temperatures. In 
compliance with this requirement, the polymer that is the subject of this report can be doped 
and processed further at or below room temperature. Avoiding high temperature processing, 
usualfy required for curing stable polymers reported to date, prevents the thermal destruction 
of these chromophores. 

1.2 Smnmafy of Phase I Research 

To our best knowledge, the polymer shown in Figure 1, which has onfy become available in 
the past 12 months, has not been explored for these purposes before. In this program, we 
produced and characterized a new class of e-o polymer based on a polyaiylate with the 
structure shown in Figure 1. The guest material was 4-morphollno-4’-nltrostllbene (MNS), 
(Figure 2) and was provided by Laser Photonics Technology, Inc. 

The following sections provide background material on materials for second order nonlinear 
optical applications, experimental procediues and results, and the conclusions of the Phase I 
program. 



Figvo'e 1 . Structure of polytuylate 



Figure 2. Structure of NLO chromophore, MNS 
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2. BACKGROUND 


2.1 Klectro^Optlcal and Second Hannonlc Generation Wavefnlde Device Requirements 

In order to construct high frequency integrated electro-optic modulators, a large number of 
optical materials and device orientations have been investigated. In this section we will 
compare the advantages and disadvantages of these materials from both theoretical and 
practical points of view. This discussion is based on the evaluation of a Mach-Zehnder 
Interferometer (Figure 3). However, the results are ultimately independent of other device 
configurations, such as directional couplers and TE-TM converters, since they are all based on 
modulation of the index of refraction In channel waveguides. In this section we compare three 
important Figures of Merit (FOM) for these materials (Table 1). These FOMs include: sensitivity 
(91) (defined as phase change per unit energy per unit voltage), frequency bandwidth fW) and 
Insertion loss. We will also compare the FOM for frequency doubling applications. 

Comparison of these figures of merit Indicate very clearly the advantages of organic electro¬ 
optic polymers. 

The Figure of Merit (Ql) measures the change In index (An) per unit energy (w) and per unit 
applied field (E). Calculating Ql for a stripline waveguide orientation such as that shown In 
Figure 3 gives; 



RF SIGNAL 


Figure 3. Mach-Zehnder intetferometer 











Table 1 . Figures of merit for electro^ptic devices 
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where e Is the relative dielectric constant of the material. Almost all inorganic materials with 
large electro-optic coefllclent r have also very large dielectric constants, for example 633 = 30 in 
the case of UNbOa. This Is almost 10 times larger than the dielectric constant of electro-optic 
polymers (£33 <3) that have comparable electro-optic coefficients with LiNbOa (12) • As a result 
of this large difference electro-optic polymers have significantly higher Qj t 5 TDically by a factor 
of five. 

The most Important FOM, sets an upper bound for device bandwidth. The significance of 
this FOM becomes clear when one considers the following problem: what is the shortest 
electrical pulse that can be converted to an optical pulse without distortion. In Figure 4, a 
microwave pulse of time width T (corresponding to a bandwidth f = 1 /T) will travel in the 
microwave transmission line with an effective dielectric constant of Eeff. It phase modulates the 
same section of the traveling optical beam without distortion if the optical velocity c/n is the 
same as the microwave velocity c/(eef[)*^^. Any difference between these velocities determines 
how long the interaction length can be or how short the electrical pulse may be. The difference 
between these two velocities puts a limit on the bandwidth-length product W that we calculate 
to be: 


W = fL<- 


In LlNb 03 , the optical velocity is 2.5 times faster than the microwave frequency whereas in 
electro-optic polymers this factor is almost unity (1.05). The optical-microwave velocity 
mismatch is the single most important factor determining the superiority of electro-optic 
pol 3 miers over LlNbOs. Owing to their small optical and microwave velocity mismatch, 
polymers can be used in waveguide optical modulators with modulation frequencies exceeding 
150 GHz, compared to only about 6 GHz In LlNbOs. With complicated intermittent interaction 
electrodes (HE), modulation frequencies as high as 30 GHz in LiNb 03 are obtained. LiNb 03 
devices with HE, however, require much higher powers (10 times and higher) than polymer 
modulators (14) . Furthermore, planar and channel waveguides of pofymers can be fabricated 
at much lower costs than those In LlNbOs. Specific expected values of relevant properties and 
tradeoffs were shown in Table 1. 

Optical insertion loss Is also an important determining factor and has two components: the 
fiber-coupling loss and the through-chip waveguide loss. Typicalfy, the sum of these losses in 
LlNb 03 is about 4 dB with only 0.5 db/cm contribution due to the waveguide absorption loss. 
In polymeric waveguides however this insertion loss is larger approximately 4 to 10 dB (15) . 
Reduction of insertion loss is one of the important factors in designing new polymeric materials 



L-- 147-P-93390-4 


Figure 4. The difference between the optical and microwave uelocities limits the 
ultimate bandwidth qf a traveling wave modulator 
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as well as coupling methods that could significantly reduce the total loss. Other Important 
parameters, also discussed in Table 1 are power and voltage requirements. As a consequence 
of a larger nonlinear sensitivity Ql, electro-optic pofymers require lower voltages and switching 
powers. In particular, power dissipation is of significant Importance since it ultimately 
determines the price per serving channel of cable TV. It also determines the lifetime of a device 
since most of the power will be dissipated thermally affecting the long-term chemical 
composition of not onfy the potymerlc materials but also that of LlNbOs. 

Figure of Merit for Frequency Doubling 

SHG in waveguides is of great Interest for appllcaUons using low power lasers. In a 
waveguide, the second harmonic generated signal intensity is given by: 

l2<o = (ko L)^ I Kl 2 (x'2'W4 n3'“'- 


Isin(AkL)/ AkLI^ 1^, 2 


where, 

Ak = 2 . j^(m.o)lj 


jg jjjg waveguide index of mode number m and frequency (o, Is the effective Chl-2 
coeflBcient of the material, is the optical wavevector, Ak is the phase mismatch, L is the 
interaction length and K is an overlap integral describing the effective overlap of the 
fundamental (in mode m ) and the second harmonic field (in mode m). The figure of merit in 
this case is: 

92=x‘^’^efr/N3<“^'*'> 


In contrast to the FOM for the electro-optical devices (Qi), Q 2 is inversety proportional to 
the index (cube of index). The contribution due to this difference is however at most a factor of 
2 to 3. 


2.2 Novel, Room Temperature Processible. Stable Blectro-Optic Polymers 

Despite clear advantages of polymeric materials over inorganic materials, a number of basic 
problems are yet to be resolved before polymers can be used in practical applications. The 
number one problem is the thermal stability and its effects on polarization retention time of 
pofymers. Recentty many polymers with long polarization lifetimes have been reported. Among 
these potymers, dye doped polylmldes reported by the Lockheed (i-fi) and the IBM groups (7) 
have ochlbited the most stable material reported to date with only a few percent reduction of 
their E-O coefficient over 300 hr at 200'’C. These standard pol}d^des however require long, 
high temperatures {-300®C) curing cycles. At these temperatures, most commonly used NLO 
chromophores such as the disperse red-1 disintegrate resulting in small electro-optic 
coefficients after poling. Finally, most high Tg electro-optic matrix pofymers are highfy 
absorbing the visible and near IR causing high insertion loss and low quantum efficiency. 

In order to identify suitable pofymers with high enough Tg, solubility and transparency we 
have conducted an extensive search covering a large number of polyarylates and polyimides. 
Pofyarylates and aromatic pofylmides are generally known for their high glass transition 
temperatures (Tg) and low solubility in common organic solvents. Extensive research in both 
systems has been carried out to discern the effect of structure on solubility and Tg. This has 
recentfy been achieved by introducing “kinks” and sterlcalfy bully separator groups into the 
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polymer backbone between the aromatic ester units. The introduction of these structures 
increases chain flexibility and interchain spacing resulting in Increased solubility without 
significant reductions in Tg. In addition this reduces formation of interchain charge transfer 
complexes (CTC) that usually give rise to broad absorption in the visible wavelength range. The 
key to achieving this effect Is Increasing the distance between adjacent polymer chains while 
maintaining an approximately linear polymer backbone with some limited flexibility. 

This strategy has recentty resulted in the development of new polyarylates such as 
polyarylate xl5 and pofyaiylate x25, with enhanced solubility while retaining a high Tg. In 
these pofymers. ester linkages connect very large aromatic monomors. The resulting chains 
are kinked, with low chaln-to-chaln interaction, permitting high solubility, negligible visible and 
infrared absorption and high Tg . These polymers, first developed by Isonova Inc. have TgS on 
the order of 250 and respectively. Other soluble pofyarylates with high Tg can be 
produced by selecting appropriate structural variations. 

These general trends for polyarylates can be extended to the aromatic pofylmldes. 
Introducing sterlcally buUty separator groups and kinks into the polymer backbone ivill also 
result In the reduction of color. Standard aromatic polylmldes are generally colored due to the 
formation of interchain CTC. Sterlcalty buUty separator groups and kinks will increase the 
distance between adjacent potymer chains decreasing the tendency for CTC formation. 

Selection of separator groups with appropriate electronegativities can further reduce color by 
decreasing the magnitude of CTC if formed. Aromatic polylmldes with increased solubility, 
decreased color and high Tg have been produced by employing these techniques. For 
applications as electro-optic polymers, we have Identified two such potylmldes lPAN-4,4'-6Fand 
Triphenylphosphineoxide - Phenylene Diamine that are colorless, are soluble and have TgS of 
3(H°C and 300°C respectively. 

The Phase I effort concentrated on fabricating and testing a guest-host electro-optic 
potymer based on a polyrarylate. 

2.3 Principle of Poling Induced Second-Order Nonlinearity in NLO Films 

The most widely used means to achieve noncentrosymmetiy in a side-chain polymer or 
dopant/polymer material is the technique of electric field poling. The effectiveness of the poluig 
process depends on a variety of factors such cis the temperature, strength and duration of the 
poling electric field, the ambient environment, the material Itself and how it may have been 
cured. In order to determine the optimal poling conditions, the In situ poling technique is often 
applied. In which the second-harmonic intensity or the electrooptic modulation sign^ is 
monitored while different poling parameters are varied. 

The poling process induces a polar axis In the material which Is essentlalty an Infinite fold 
rotational axis with an Infinite number of mirror planes. According to the Kleinman's 
symmetry argument and thermoctynamlc considerations, there are only two nonv anishin g 

elements of the second-order susceptibility tensor, namely, and • which are related to 
the molecular hyperpolarizability, 3, the dipole moment, p, and the poling electric field, E, by: 


g)(t03;coi,(02) = -2|^;x2]e(co3:«l.®2) = |xS(®3;®l.®2) 


(1) 


where kT Is the Boltzman thermal energy. 

For electric field poled potymerlc thin films coated on glass substrates, the second- 
hannonlc light Intensity can be expressed by. 
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l2co = 


512n^ ,4 


‘(0 


2^2„2i2 
(0 


T2cot^d^P 


sin^ V(6) 


(”L-y 


12 ) 


where Iq is the fundamental laser power, A is the area of the laser beam spot, d = x*^V2 Is the 
appropriate second-harmonic coefficient in the contracted notation, p is the angular factor 
which projects the nonlinear susceptibility tensor onto the coordinate frame defined by the 
propagating electric field, and the n’s are the refractive indices at the appropriate frequencies. 
The transmission factors to and Taoi are given by; 

^ 2noC086o 

° cosGo + noCosO 


T2tO=2n2„j«>s02„, 


(no)Cos6(o +cos0(o)('‘2(ocosej^ +n[ocose2(o) 
(n2(o cos 02(0 + cos0)(n2{o cos 02(0 + Hq cosGo) 


(3) 


where 6 is the angle of incidence, 0oi and 02 ai are the internal angles of the fundamental and the 
second-harmonic beams, respective^, and Go is the internal angle of the second-harmonic 
beam inside the substrate. The factor p and the transmission factor t<o depend on the 
polarization of the fundamental and harmonic light beams. When the fundamental laser beam 
and the transmitted second-harmonic are both p-polarized and with the assumption of d = das 
= Sdsi, then 


2cos9 

no]COs6 + cos6(Q 


p 0(0 +sin^ 0(0 j sin 02(0 cos 0(0 sin0(o cos92(o (4) 

and when the incidence laser beam is s-polarlzed and the second-harmonic light p-polarlzed 
and with d = dsi, 

( 2cos0 

0(0 cos 0(0 + cos 0 

p = 2sin0(o cos 0(0 cos 02(0 (5) 


The angular dependence term, d = dsj, of the second-harmonic intensity, can be expressed as: 

\K(e) = (>tL/2)(4/X)(n(oCose<o-n2jj cose2(o) = RL/2rc (6) 

where tc =X/4(n(o cos(o-n2(ocos02(o) is the coherence lerigth. At normal incidence. 

^c = ^/4(n(o-n2(o). 
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It is apparent that when the film is rotated around an axis perpendicular to the laser beam, 
the second-harmonic intensity changes as a function of the rotation angle. The angular 
dependent second-harmonic curve is called the Maker fringes. Since the film thickness is 
usually much smaller than the coherence length (typically around 20 pm), only the envelope of 
the Maker fringes is observed. Typical SHG curves from a 1 pm thick poled film with different 
polarization combinations are presented in Figure 5. 

The second-order susceptibility of a poled material is evaluated by comparing the secor' ’ 
harmonic intensity generated from the material to that from a Y-cut quartz crystal which 
d value of di i = 1.2 x 10‘® esu. Material in the form of thin films are mounted on a rotate 
stage and rotated perpendicularly to the laser beam. The obtained angular dependence cu; s. 
are computer fitted and the maximum intensity is compared to the envelope of the Maker 
fringes from the quartz crystal. 



-90 -45 0 45 90 


Rotation Angle (Deg.) 

Figure 5. Angular dqtendence of the SHG intensity from an electric field poled thin 
film for different polarization combinations 
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3. EXPERIMENTAL PROCEDURES 


3.1 Bftaterials and Sample Preparation 

Our approach In designing effective and stable second order NLO guest host material 
consisted of sjmtheslzlng a chromophore with large value and dispersing it in a high Tg 
potymer matrix. The NIX) chromophore. 4-morpholino-4'-nitrostilbene. MNS (see Figure 2 for 
chemical structure) was synthesized in a Wittlg reaction of N.N-(diethyloacetylate)amino- 
benzaldehyde with 4-nitrobenzyltriphenylphosphonium bromide In an ethanol solution of 
sodium ethoxide. The reaction was carried out over 10 hr at 60°C; the product was separated 
by filtering the reaction mixture quenched with cold water and purified by column 
chromatography giving a 3 rleld of 30 percent. Figure 6 shows mass spectroscopy and NMR 
spectra of MNS characteristic of high purity chromophore. Differential scanning calorimetry 
was used to establish the thermal stability of the compound. The results showed that MNS 
molecule is thermally stable up to 260°C. Molecular second order optical nonlinearities of 
MNS were not measured. 

However, based on first hyperpolarizablUty (450 x 10'^° esu) and dipole moment (7.4 D) 
values of 4-N.N-dimethylamlno-4'-nltrostllbene (DANS) (J.L. Oudar, J. Chem. Phys., 67, 446, 
1977) the nonlinearity of MNS was expected to be large. 

Solutions of lsaiyl-25 (high Tg polyester) in N-methyl pyrrolidone (NMP) containing 15 
weight percent of MNS were used to prepare film samples. Thin films of the composite material 
were deposited on ITO coated glass substrates by spin casting technique. The films were 
Initially dried at room temperature for several hours in order to remove excess solvent and, 
subsequently, placed in an electric field poling apparatus (described below) for second 
harmonic generation (SHG) investigations. 

3.2 Setup for SHG Measurements 

The experimental setup for second harmonic generation is schematically shown in Figure 7 
and is comprised of the following main components; 

1. A Q-switched pulsed Nd:YAG laser providing a 1.06 pm fundamental beam with a pulse 
width of ~ 10 ns and repetition rate of 10 Hz. 

2. A nonlinear optical (NLO) film sample to which a dc-field could be applied; the 1.06 pm 
fundamental radiation is directed on the sample at an Incident angle of 45 to 55 deg. 

3. A photomultiplier tube (PMT) as a detector of the SH signal generated by the NLO film; a 
set of IR (1.064 pm) cut-off and narrow band-pass (532 nm) interference filters is placed 
at the PMTs entrance slit to remove the fundamental and other background radiation 
from the SHG signal. 

The dc-fleld was applied to the NLO film sample using a corona discharge device as shown 
in Figure 8. It consists of a metal stage with built-in resistive heaters. A thermocouple and a 
programmable power supply are used to control and ramp the temperature over a 25 to 350°C 
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Figure 7. Experimental setup for SHG measurements 



Figttre 8. Corona discharge assembly used for in situ monitoring of SHG signal 


temperature range. The pofymer fUm sample is mounted on the stage with an electric contact 
being made between ITO layer and the stage. A 25 (un thick tungsten wire is placed about 10 
mm above the film surface and used as the positive electrode while the ITO layer functions as 
the negative (or ground) electrode. A corona discharge was generated in the air by applying a 
high voltage (4.5 to 5 kV) to the tungsten wire. 












4. RESULTS AND DISCUSSION 


4.1 Pidlng ChancterlstlcB of Tested Film Samples 

The electric field poling efidciency depends on a large number of parameters such as the 
poling temperature, poling electric field, ramp schedule, environmental humidity and the 
material curing processes. The optimal poling conditions vary from one material to another. In 
order to perform more efidclent electric field poling, one has to determine the best poling 
conditions for each material. We have conducted in situ poling second-harmonic generation 
studies on the polymeric composites by monitoring the SHG Intensity from the material while 
different poling parameters are varied either individually or simultaneously. A p-polarlzed 
fundamental beam was used for all the second-harmonic generation in situ measurements. 

In this section we briefly describe the measured SHG behavior of a number of film samples 
made from the same NLO material under different conditions of corona discharge configuration 
shown In Figure 8. Nine samples were tested at different poling conditions (poling voltage, 
heating temperature, and poling time). The key poling parameters are summarized in Table 2. 
In all the experiments, the overall poling process consisted of three stages: 

1. Heating the sample from room temperature to the highest polling temperature (Tnax) at 
a rate of 5°C/mln. 

2. Keeping the sample at T^oax far a time period of 10 to 45 min. 

3. Cooling down the sample from Thmk fo room temperature at a rate of 5®C/mln. 

Ihe corona discharge field was kept on throughout the entire heatlng-cooUng C3^1e. At the 
end of the poling process, the corona discharge field was turned off and the second-order 
nonlinearity of the poled samples were Investigated by monitoring the temporal stability of SHG 
signal at different temperatures. 

The data presented In Table 2 Indicate that all samples could be effectively poled at room 
temperature. However, temporal stability of the Induced cdlgnment was very poor (maximiim 
relaxation time of about 10 min) which is Indicative of a large free volume within the polymer 
matrix. The high temperature poling process produced more stable alignment of the 
chromophores with varying temporal stability which depended upon the processing conditions. 
As an example. Figure 9 shows the relative SHG signal Intensity as a function of temperature 
dmring the electric field poling procedure for sample No. 2. The poling time at T^ax = 250°C 
was about 30 min. The hollow triangles are the data obtained during the heatliig-up process, 
and the hollow circles show the data from the cooUng-down process. 

The effect of poling temperatures was Investigated with the use of UV-Vls spectroscopy. 
Figure 10 shows absorption spectra from three film samples that have the same thickness; 
curve (a) Is obtained from an unpolled film, curve (b) from sample No. 9 poled at 200^C, and 
curve (c) from sample No. 8 poled at 280‘’C. One can clearfy notice the reduction of the net 
absorption and the blue shift of the absorption peak as a result of the electric field poling and 
thermal treatments. In case of curve (b) the first effect Is dominant which Is solely due to 
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Table 2. Poling characteristics qffUm samples 




14 










Absorbance (O.D) 5 R Relative SHG Signal (mV) 


sample #2, +5 KV 



1 9. Relative SHG intensity versus temperature change during 
I process for sample No. 2 



Wavelength (nm) 

Figiure 10. Absorption spectra of thinfUms 
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semipermanent electric field induced reorlentaUon of the chromophore molecules at elevated 
temperatures. However, In case of curve (c) there is an obvious blue-shift of the peak position 
m addition to the reduction of absorpUon. The latter observation indicates that at poling 
temperatures above 260‘’C the chromophore molecules may either partially decompose or 
isomerize. Thermal decomposition Involving break-up of the C=C double bond structure is very 
probable which should result In a disruption of the n-electron conjugation and, thus, dramatic 
change In the chromophore’s electronic spectrum. For this reason, most of the samples were 
poled at temperatures which did not exceed 250°C. 

4.2 SHG Decay Behavior of Poled PUm Samples 

Temporal Stability 

The In situ SHG experiments were conducted on several composite films containing the 
MNS chromophore. The In situ technique provides real-time Information about the matrix and 
Its ability to retain the chromophores In their preferred orientation. This property can change 
dramatical^ as the materials are thermally processed. The second-order chromophores were 
shown to be electrically aligned at room temperature. The decay of the second-harmonic signal 
was monitored as a function of heat treatment as summarized In Figure 11. 

For sample No. 6 (poled at T mar = 315°C for 45 min) the SHG Intensity was about 59 
percent of the initial (as poled) value after 11 days. For sample No. 2 (poled at Tniax = 250®C for 
30 min) the SHG Intensity was about 41 percent of the Initial value after 26 days. 



TIME (days) 

Figure 11. Decay second harmonic intensi^ at room temperature 
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Thermal Stability 

Figure 12 summarizes the SHG decay behavior for four poled samples kept at 100°C. 
Keeping poled samples at elevated temperatures usually leads to a faster randomization (decay) 
of the Induced noncentrosymmetric alignment because of a greater contribution from thermal 
relaxation (greater Boltzman energy). The best result was recorded for sample No. 7 that was 
poled at Tniax = 315°C for 45 min. After 11 days of keeping this sample at 100°C, the SHG 
Intensity was about 20 percent of the initial v^ue. 



TIME (days) 

Figure 12, Decay of second harmonic intensitu at lOO°C 


I 
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5. CONCLUSIONS 


There are several requirements imposed on a material; four of them are imperative if it 
is to be effective in a real device. These are; 

1. Large x^^* value. 

2. Optical transparency. 

3. Ease of processing into a desired form. 

4. Tempor^ and thermal stability of the second order responses. 

The strength of the second order response, the ability of the matrix to retain the 
noncentrosymmetrlc alignment and the results illustrating the low losses obtained from wave 
guides are all necessary achievements if these materials are to be used in commercial 
Integrated electro-opUcal devices. 

There are several organic materials that are being developed in a large number of research 
groups; these eflforts are driven by the fact that organic materials have high optical 
nonllnearitles and can be more readily processed. Polymers as a whole have had the 
reputation of not being sufficiently rigid to retain noncentrosymmetrlc alignment. In other 
words, they could be poled, but were found to readily relax. The use of polyimides, main chain 
polymers, and cross-linkable polymers have given these materials new promise. The materials 
discussed in this report meet many of the above requirements for effective second order NLO 
materials: they are tractable and exhibit large and x*^* values. However, continued efforts 
should be directed at: 

1. Improvement on the thermal stability of the non-centrosymmetrlc alignment of the 
chromophores. 

2. Assessing the full potential of these materials for commercial applications. 

For aity real device, one may expect that the environmental conditions (e.g., temperature) 
may not necessarily be kept constant over a long period of time or during the device fabrication 
process. Thus, a major ceneem, to be more fully addressed, is whether these materials will 
maintain the alignment of the dispersed chromophores at elevated temperatures over an 
extended time period (months). 
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